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Abstrget

This work presents an examination of interpolative schemes for
fatigue crack growth at elevated temperature (1200 F), An interpolative
scheme involving the linear superposition of effects due to stroess
ratio, loading frequency, and peak load dwell or hold time, is applied
to two state—of-the—art crack growth rate prediction models, These
models are the SINH model, developed by Pratt and Whitney Aircraft, and
the MSE model, developed by General Electric. SINH is based on the
hyperbolic sine function, and MSE is based on a sigmoidal equation.

The rosults of au experimental program are presented. Fatigue
crack growth rate tests are performed on compact tension specimens
acoording to ASTM standards, Two interpolative models are developed
from the resulting data base. Additional tests are performed and the
nodel predictions are compared to these additional tests.

It is found that linear (on log~log socale) functional forms can be
assumed to relate model constants to the test parameters (load -atio,
frequency, and hold time). Also, it is found that thuse functional
forms oan be applied to both models. More work is needed tou determine
whether the effects of variations in each of the test parameters on
crack growth rate are independent of.ench other and can be linearly
superimposed.

When the same functiomal forms are applied to the SINH and the MSE

models, thoy bohave much alike.

vii




EVALUATION OF INTERPOLATIVE MODELING CONCEPTS
FOR FATIGUE CRACK GROWTH AT ELEVATED TEMPERATURE

I, Introduyction

Backuzound

Changes have been recently made in the United States Air Force
design and maintenance philosophies, These new philosophies have
created a requirement for more acourate fatigue—crack-growth-rate
prediction models for struciural alloys used in modern gas—turbine
engines. The Engine Structural Integrity Program (ENSIP), and the
Rotirement For Cause (RFC) Program are two Air Force Programs which
embody these new philosophies (1),

ENSII specifies lLow future jot engines will be designed. The ENSIP
design philosophy is based on the assumption that fatigue cracks exist
in new engine components at the time of production, It then becomes
part of the design process to demonstrate that thess oracks will not
grow to catastrophic size during the design life of the emngime. During

the 1960's, critical engine components were limited by creep and stress

rupture phenommna. However, thes lives of today’'s critical engine
components are primarily limited by low-cycle-fatigue damage. With this
nev emphasis on fatigue phenomena, orack growth prediction has become an
integral part of the engine design process.

BFC is a component-life management philosophy whioh seeks to safely
utilize o greater portion of the lives of rotating engine parts, and

thereby realize considerable economic savings, Consider a typical

..........




turbine engine disk, The previous approach had beon to use a lower

v bound on the Low~Cycle-Fatigue (LCF) 1life which was so conservative that
it resulted in 999 ouwt of 1000 disks being retired while still
structurally sound. Under the ocurrent RKFC approach, disks are removed

® for periodic inspection and returned to service if no oracks larger than
a spocified detectable size are found, Here is where an accurate
orsck—growth-rate prediction capability is indispensable. An analysis

@ must be able to demonstrate that vracks of the detectable size and
smaller will not grow to catastrophic size during the next inspection
interval,

(-‘\
Scope

Most curzent fatigue orack growth models are of the form

da/dN = £(4K) (1)
where da/dN is the orack growth rate ;nd AK is the stress intensity
factor range. If AK is to be a valid modeling parameter, Linear Elastic
Fractaure Mochanics (LEFM) must hold ¢2), This means that the plastic
zone surrounding the crack tip must be small when compared to the crack
length. At elevated temperatures one would expect time-dependent
material behavior resulting in large scale plasticity and creep damage.
However, several investigators (see e.g. Larsen (1,3)) have shown that

the AK-analysis is valid for nickel~base superalloys for temperatures up

to 1350 F,

The goal of this thesis is to determine the effectiveneys of state—
of-the—~art models in predicting ocrack growth rates for high temperature
applications. An exsamination of two representative examples of current

crack-growth-rate predictive models which use AKX as a correlating para-~
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meter is presented. Both of the models are cmpirical in nature since
acouracy requirements for design exceed the predictive capability of any
existing analytic description. The two models examined were developed
by aircraft engine designors Pratt and Whitney (PW) and General Electric
(GE).

P¥W's model (SINH) uses the hyperbolic sine function to fit the
basic sigmoidal shape exhibited by da/dN versus AK data, while GE's uses
a modified sigmoidal equation (MSE). Both models are discussed in
detail in Seccion III.

This thesis seeks to investigate how well orack growth rate models
perform when they have been developed from a minimal data set. The
approach taken in this thesis was to collect a minimal set of duta at
high temperature (1200°F), varying three test parumeters: stress ratio,
frequency, and hold time, Those data were used to formulate predictive
models for both the SINH and the MSE equations. Finally, additional
data were ocollected and compared with the SINH and MSE predictions to
assess the interpolative capabilities of the models.

It has been demonstrated that both the SINH and the MSE equatioms
do a reasonable job of fitting da/dN versus AK data (4). This thesis
differs frow previous work in that it attempts to test the validity of
models in which morv than one of the test parameters are allowed to vary
at any one time. In their current states of development, both the SINH
and the MSE models cannot treat these combined effects in a systematic
manner suitable for application to a variety of materials. The version
of PW's SINH program described in (5) can only be used to develop
interpolaiive models iu which only one test parameter is varied at a

time. GE’'s MSE model as implemented in (6) is not a gereral purpose
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model, While it allows more than one test paremeter to change at a
time, it uses ad hoc frnctional relationships based on a large data set
for one specifioc material, Therefore, it does not attempt to produce
general functional relationships which are valid for a range of
materials, as SINH does.

In this thesis, two models arc developed for INT718. The
experimental program used in the development of these two models is

doscribed in Section II. One of the models uses the SINH equation, and

the other uaes the MSE squation., Both models function similarly., OGiven

a st of test parameters (load ratin, B, frequency, M, and peak-load
hold time, ty), the models predict da’/dN versus 4K curves.

Data collection for fatigue corack growth modeling is expensive and
can take several days to parform., Therefore, in order to reduce the
size of the test matrix and the overall complexity of the modaling task,
the temperature was held constant, All data werw collected at 1200°'F,
Thus tempersture was e¢liminated as an independent variable, reducing not
only the total number of test runs reguired, but also the numbder of

computer runs necessary to reduce the data and formulute a model,

Fupdagental Assumptions

In both the SINH and the MSE models, da/dN is related to AK through
a set of constants; SINH uses four constants while MSE uses six, When
thess models were developed, there wer¢ several assumptions wmade
concerning the experimental paramsters and sssociated constants. These
assumptions are suggested in the SINH documentation (3), but are not
fully implementod in the SINH computer program. They buve never besn

applied to the MSE equation prior to this work. The following

B i T o R VAL S
. . - . . T " e, OO - FRRK] PR ~ L '.-\- - .~ x
I LRIV VW, WO IV AP WOV WP Y ST oL WU W L P T L AV W W S AP

. ST T
e B T R e




assumptions ere made in this thesis, and they apply to both the SINH and

the MSE models for IN718 developed:

w
1. Constants are rclated to the test parameters throwgh rela-
tionships which are linear when plotted on log-log graph
paper,
v 2. Constants are functions of V, tg, R, and T, wherxe U is
loading frequency, ty is load-dwell time, R is the ratio ®
of minimum to maximum load, and T is temperature. e
3. First order dependencies were assumed, i.e., it is assumed ;[;jj&
that linoar superposition holds, and that there are no k}fﬂg
™ seoond order and higher effects. R
o ..
The purpose of this thesis is not to attempt to justify these ffli
assumptions, but rather to examine their validity, and to suggest
’t“ possible improvements.
|
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- II. Ezpezimental Program

Computer—controlled constant-load-amplitude, fetigue crack-growth-
rate tests wore performed according to ASTM Standard E 647-81. The
experimental program was performed at the Air Foroce Materials
Laboratory, This sectiom describes the experimental apparatus,
f identifies the tost matrix and procedures, and outlines the data~

reduction techniques employed.

Exporimentsl Appazatus
¢ A closed loop computer—comtrolled test system was used to collect
da/dN versus AK data. A block dimgram of the test setup is shown in
Figure 1., The primary components of the system are an IBM FC
~] miorocomputer, an MTS Material Test Frame, a Wavetek Function Generstor,
and various Analog to Digital {A/D) comverters aand signal smoothers.
Data are taken suitomatically and minimal human intervemtion is required.
) Figure 2 shows the two raw data itoms that were actually measured

by the test set-up. Crack Opening Displacement’s (COD) are measurod

using an MTS slectro-mechanical axtensometer with quartx rods for
specimen contact, while the loads are provided by an MTS servo-hydraulic
load frame, as controlled by the computer. The specimens are enclosed
in an electrical resistance furnace to achieve the required elevated

temperature,

Test Matrix
A three~dimensional representation of the test matrix is shown in

Figure 3. Each of the test variables is plotted on a separate axis.
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Block Diagram of Test Setup
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The four points plotted as solid circles ropresent the four tests: used
in formulating the predictive models. The coordinates of each point
are the values of the test parameters for that particular test, The two

points plotted as squares represesnt the two proof tests which were

'porfo:ned to evaluate the predictive capability of the models. The point

at the origin of the coordinate axes represents the baseline test.
Moving from the baseline outward aiong any axis, chunges only the value
of the varisble represented by that axis., Thus, the three¢ poivts lyimg
on the axes sway from the origin represent tests in which only one test
parameter is changed from the baseline wvaiuma, All six tects were

performed at a temperature of 1200 degrees Fahxrenheit.

Specimen Reserintion

Specimens used for this experimental program were machined from
pletes of INCONEL 718, IN718 is a nickel-base super s)loy with a high
fraoture toughness, and is commonly used in the fabrication of jet
engine hot-section parts, IN718 was chosen as the specimen material
bocause of its ntility to the Air Foroe, and beoause the MSE model had
previously been applied only to AF11S5, By using & matarial other than
AF115, it could be‘dotermined if the functional relationships implioit
in the MSE model could be applied to other materials., Thv apecimen
goometry is in acocordance with ASTM Standard E 647-81 (7), and is shown
in Figure 4, The notoh which is used to start the crack was ocut using

Electrical-Discharge Machining (EDM),

Progedure
The specimens were pre—oracked in accordance with ASTM Standard

E 399 (8) until a tieasurable vrack extension was onbserved, with
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the final pre-coraocking K being smaller than the starting K . As

max
saggested in ASTM E 647-81, K

nay Yas not changed by more than 20% in any
one increment s0 as to ostablish a steady—state crack growth rate before
taking a measurement. Data were tsken automatiocally with the eguipment
described. Crack length was derived from compliance using a
relationship obtained from a polynomial fit to a series of numeriocal
finite eloement solutions, By performing a series of finite element
caloulations for the compact temsion (CT) specimen st different crack
lengths, a rolationship between crack length and compliance can be
obtained., This is the method ourrently in use at the Alr Forzce

Materials Laboratory. For s discussion of the error inherent in this

procedure soe (9), This orsck lemgth expression ams given in (9) is:

7 = 1.0010 - 4.6695U°} + 18.46U72 - 236.82073
+ 1214904 - 2143,60°3 (2)

where U = (EBV/P)1/2 4 1 = (EBCYL/Z 4 1
and
a = average crack lemgth (inches)
¥ = specimen width (inches)

B = gpecimen thickness (inches)

=
[ ]

Young's Modulus (psi)

V = orack opening displacement (inches)
P = load (inches/pounds)

C = V/P = gompliance (pounds).

The orack length—compliance relationship was calibrated at the beginning

of each test by taking « few visual crack-length messurements, and then




&

adjusting Young's modulus, E, in Equation 2.
The stress intensity range AK was dotermined from the ASTM

expression as follows (7):

4 Ap 2 4 a/¥
X = [0.866 + 4.64(a/¥)
BW1/2 (1../w)3/2

- 13.32(a/2 - 5,62(a/W)3] (3)

where

4P = ioad range, (Poax = Pnin’

Note that the above expression assumos a linear-elastic, homogeneous

tost material,

Data Reduction
ASTM Standard E 647-81 suggests two methods for computing orack-

growth rates: the Secant method and the Incremental Poiynmomial Method,
The Inorementsl Polynomial method was used in this experimental program,
beocause it offers somoe smoothing of the data. In this method, ctack-
growth rates are computed from crack longth versus number of cycles
(a versus N) data using a soven-point sliding polynomial curve fitting
technique. This techmique gives éi and (dn/dN)/.\1 by the following

oipressions:

» * o te
NP L Y

Ry = by + by [(N; = €)/C1 + by [N, - €1)/C,)12 (4a)
(da/dN)Q = By /Cy + 2by(N; = €1)/C,2 (4b)
13
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whozre

-1 3[(N1 - Cl)lczli +1
and

® by, bl' and b, = constants detormined by lesst squares regrossion

(2]
-
|4

(Ni_s + Ni+3) /2

Q
»
]

e
>
¥

fitted orack length

(da/dN)Qi- the orack growth rate associated with Gi and N,.

P

14
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IXX. Czack Growih Intervolative Modeling

Typioal da/dN versus AK data plotted on log~log graph paper has a
sigmoidal shape as can be seen in Figure 5. The ocurve is characterized
by a slow orack—growth region (I), called the threshold rogion, a limear
region (II), and a rapid growth rogion (IXI). Data do not usually
extend into region III becauge test specimens tend to break soon after
having entered this region,

If all of the test purniotorl were hold constunt with the exception
of one, say K, wvariation of this parameter would generally result in a
shifted da/dN versus AK curve. The general trends for these ourve
shifts, for » material with high fracture toughness, such as IN718, oan
by seen in Figure 6 (3,10). Figure 6a shows that inoreasing » will
result in a decreanse in da/dN for a fixed value of AK, Figure 6b shows
that inoreasing R will result in an inorease in da/dN for a fixed value
of AK. It is the goal of orack-growth interpolative models to be able
to predict these ourve shifts with ressonable acouracy, from a
relatively small experimental data base. What follows is a description
of the two interpolative models examined in this work, and how they were

applied.

SINH Model

Pratt and Whitney's SINH crack growth rate interpolative model is
besed on the hyperbolic sine funotion (3,5), as plotted in Figure 7.
Its shape closely approximates the sigmoidal shape of da/dN versus 4K
data shown in Figure 5. With the addition of some controlling constants

one can force the hyperbolic sine function to fit may possible

15
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variations of da/dN versus AK data. Tho SINH modeling equation will now

@
be dorived, starting with the dofinition of the sind function.
oX-g~X
¢ y = sinh 1 = —————- )
2
‘ The inflestion point for sinh, which normally falls at (0,0) can be
e
f shifted by the addition of two constants Cy and C4 as follows:
[
(y ~ C4) = sinh(x + C3) (6)
<
Hezre, CS locates the horizontal position and 04 locates the vertical
position of the inflection point. The curve can be stretched vertically
® by tho addition of a constant Cl and horizontally by the addition of u
consiant C, such that the equation nov reads
(y - C4)
© = sinh{Cy(x + Cg), (1)
1
and can be written as
<
y= Clsinh(CZ(x + 03) + C4 (8)
Substituting log(da/dN) {or y, and log(AK) for x, the final PW SINH

\ equation becomes

log{da/dN) = Cysinh(C,(1oz(4K) + C3) + C4 (9)

1§ When this equation is applied to predict crack growth rates, the

followirg assunptions are made:

"

. . [ U Y . -~ . L - . .-
e Y I P s A LA RSN
L3 L] - - "o LY » : " . - » + T om . A " “ - Ut o
e O N o P o o o N W PR D A W . P AP




material constant (0.3 for IN718)

(e}
-
B

«
[ >]
L}

fz(u. tn, R)

cs - fs(un tn; R)

2
F-S
1

f4( Vs tn; R).

The ozsence of the SINH model is to find these functional
relationships which relate the SINH asquation constants to the test
paramoeters. In thic work, theaee functional relationships were all
assumed to be linear on log—-log plots. Also, it was assumed that the
cranges due to U, tg and R are indepeudent of vach other, and therefore
their effocts can ba sccounted for by linear superpcaition., This
suggests that the values of the constauts 02. C3, and C4 vhioch socouut

for variations in each of the test parameters are obtained from

Ci= Cipasoline* ch J =2,3,4 (10)

where

Ac; = ©OC;/avAv + (BC,/dtg)Aty + (BC;/ORIAR (11)

and the A's rofer to differences from the baseline values, Specifically,

whe= j = 2, the assumed form becomes

Cy = €5 pageline ' D110V + bylog(ty+l) + halog((1-R)/.9) (12)

where the last three terms on the right—-hand side acoount for the
changes in C2 caused hy the variation of ¢ach test parameter from the

baseline condition. The divisor (.9) in the last term forces the term

tn vanish at the baseline value of R. The additicn of unity to ty in
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the next~to-last term is a slight non-linoarity which solves the
mathematical difficulty when tg equals zero.

The coustants by, by, and bj appearing in the last three terms in
Equation 12 were determined as follows. Referring bmck to Figure 3, it
can be seen that the test matrix was designed to allow for the
segregation of the Y, tg, and R dependencies. There are two different
values of each test parameter, This forms three unique groups of two
data sets. FEaoh of these groups ocontains the baseline data set and
another data set in which only one of the three parameters hus been
varied. Consider the group of data sets where ¥ is varied, In this
case, Equation 12 reduces to the first two terms, because the R and ty
terms vanish at the baseline values. The procedure used to find by was
to: (1) fit the best SINH curve to the baseline data set, (2) fit the
best SINH curve to the set in which V is varied, and (3) fit a straight
line between the two values of C; found in steps (1) and (2). The
slope of this straight line is by. The same process was repeuted for
the other data-sot groups to obtain the last two terms in Eqguation 12,
Expressions for the remaining SINH constants, C3 and C4, were obtained
in the same manner. Pratt and Whitsey’s SINH computer program was used
to automate this process., In PW's SINH computer program (5), an
iterative scheme using least—-squares regression is used to find the SINH
equation constants for each data set starting with initial guesses
supplied by the user. The program also supplies the straight—linec fits

to constants derived from groups of data sets in which only one test

parameter is varied.
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MSE Nodel
The Modified Sigmoidal Equation (MSE) model was developed by

Gensral Electric (6), and is given by the following expression:

da/aN = ¢B' (AK/AK,) P10 (AK/AK") 19110 (4K /AK) 1D (13)

Here
AK; = AK at the inflectiom point of the curve
Al‘ =~ the vertical asymptote at crack growth threshold
AK, = the vertical asymptote st maximum crack growth rate
Q = lower shaping coefficient

D » upper chaping coofficient

and
D = - [0}/21n(4K, /AR ) /10K, /4K*) 12 (14)
P = (da/dNy)’ - Q/1n(4K,/AK") + D/1a(4K /4K,) (15)
B’ = ln(da/dN,) - Qinl1n(4K,;/AK")] - Din{1n(AK /AK,)] (16)
where

da/dNi = the ocrack growth rate at the inflection point

{da/dN,)’ = the slope at the inflection peint,
i

Figure 8 shows the MSE equation plotted and indicate  the manner in
which the coefficients in the MSE equation affect the 1a/dN versus AK
curve (6)., Tke coeffioients Q and D control the sharpness of the
trapsition from the inflectiom point to the asymp.vtes. Decvreasing the
absolute value of these constants, causes a sharper trassition, When D
is set equal to minus Q, a symmetric curve results, B’ is the distance

by which the inflection point is displaced from a da/dN value of one.
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AK

1n

1n %?I =QIn (1nAX-InAK%) + D ln (Ind R ~1nd K)
Dw-Q
e

InA K

n %ﬁ.. B+ P (ln AR=1n AK%) + Q In (lnA K-1nA K¥) +
D ln (lnAKc = lnAK)

v—-ln s B+ P (InAK -~ IlnAKW)

'\ Figure 8. The Effect of the MSE Coefficients on the Sigmoidal Curve
(From GE Report (6))
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The unprimed B in the figure controls the vertical motion of the whole
curve. P controls the rotation of the ourve in the vicinity of the
inflection point.

A comparison of the SINH and MSE models reveuls that there are
analogies between the two sets of coefficients employed by each model,
Coefficients 4K, da/dN;, (da/dNy)', 4K, AX*, and Q ars analogous to
the oconstants C;-C, in the SINH model. Noto that the constants, Axi and
dl/dNi. are related directly to the two SINH constants, U3 and C4 by the

following:

Cs - -103(AK1) 17
and

C4 = log(da/aN;) (18)

As it was done with the SINH model, expressions were derived
relating these six constants to the test parameters. The procedure used
to determine the SINH constants was also followoed in determining the MSE
constants. However, since GE’s MSE model is not devoloped to the point
of a production code, any rogression analysis noeded was performed by
hand calculations. In faot, as mentioned surlier, the GE MSE model was
speocifically developed for the alloy AF115, and has not been pre¢vivusly
applied to IN718, The General Elesctric investigators (6) had scoess to
s large data set, and thereby were sble to include some higher arder
dependoncies, i.e. terms involving products of funoctions of the test
parameters. The data set used in this investigation was 1limited by
dosign., Therefore, the linesr forms used for the SINH model were also

applied to the MSE model, One of the goals of this investigation is to
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determine whether the use of lineur functional forms is adequste. ‘The

assumed forms are given as follows:

AKO Ll dl (19)
10g(AK") = 10g(AK*)y, .o + dylogy + dglog(tg+l) (20)
log(4k ) = log(AKi)b.“ + dglog(1-R) + dglogl + dglog(ty+l) (21)

log(da/dNy) = log(da/dNj)y,.e + dylog(1-R) + dglogV + dglog(tg+l)  (22)

(dl/dNi)' - (dl/dNi)'b..‘ + d1olol(1"k) + dyqlogp + dlzlol(tnﬂl) (23)
Q~ dy3 (24)

wvhere d4 through dy, are constants determined by linear regression,
while dyy 12 determined graphically via an iterstive process. There are
only two data curves used to resolve a change duve to varying a
particular test parameter in Equations 19-24, Therefore, the linear
regression aspproach reduces to solving a set of simultaneovs equations.
For example, in Equation 22, the set of simultaneous equations is a
three by three set. The value of da/dNi is known for the baseline data
set and for the three data sets where V, R, and tg are varied. These
valuos can be substituted into Equation 22 along with the nppropr%lte
values of the test parameters for esach duta set. The result is three
equations in the three unknowns d7. dg, and dg.

The following comments should be made concerning these assumed
functional forms: (1) The upper asymptote, Axc, was assumed to be a
constant for simplicity and because the experimental data did not extend

into this region. This does not over—restrict the shape of the curve,

25
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because if Q is not equal to minus D, the bottom half can act
independently of the top half., (2) An examinstion of the
oxperimental data revealed that A”* s only a function of v snd ty and
not B, (3) The slope of the curve at tke inflection point, (da/dNy)’,
wag obtained visually from data plots. The points determinocd using the
SINH oomputer program to be the inflection points for each data set,
were also used for the MSE model, Therefore, the inflection points of
curves produced from both models soincide. (4) The lower shaping
coefficient, Q, wes assumed to be a constant, since it was found
graphioally via an iterative process that adequate MSE fits oould be
obtained for all of the experimental dsts sets with a constant Q. The
first attempt to model Q required the use of an expression similaxr to
that given in Equation 23. However, this resulted in an expression
which gave unreasonable values of Q for values of the test parameters
corresponding to the proof tests, i.e., negative Q's. It was concluded
that Q was sensitive to change near the baseline, but was relatively
insensitive to values of the test parameters away from the baseline.

Therefore, the value of Q fornd to best represent the baseline ocondition

" was also used for the remaining data sets. (5) The motivation for

assuming MSE equations of a form analogous to that vsed for the SINH
model, was to determine whether they are valid for either model. They
aro general equations whicl could be applied to either a small or a
large data soet. The objective was to produce functional relationships
which do not rely on ad hoc relations suggested by the data itself, but
remain valid for any material exkibiting similar fraoture toughness

characteristics.
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IV. BResults and Discussion

Expezimontal Data

All of the data obtained from the sxperimental program are given in
numerical form in Appendix A, The data are grouped sccording to
specimen numbers assigned at the time of testing, The four data sets
used for developing the SINH and MSE models aze given first., Their
specimen numbers ure 83264D (baseline data set, B=l, v=l Hz, tp=0 sec),
832666 (R=,1, v=,01 Hz, ty=0 seq), 832708 (R=,5, v=1 Hz, tg=0 sec), and
83270 (R=.1, v=1 Hz, tg=50 sec). The following two dats sots were
obtained from the proof tests. These specimens were used to check the
predictions of the models developed from the tirst four data sets. The
specimen numbers are 83288 (first proof test, R=.5, vw.,01 Hz, tg=50
sec), and 83289 (second proof test, R=,25, v=l Hz, tg=~10 sec). Finally,
thete are two groups of coastant AKX data provided from the archives of
the Air Force Materials Laboratory taken from tests performed prior to
this thesis effort. The first of these sots is for Rw.1, ty=0 sec, and
varions frequencies at AK=22,745 Ksi Vimches and 4K=36.4 KsiVinohes.
The second of these two sets is for Re.1, v=1l Hz, and various hold times
at the same two AK's. These two data sets vwere used to examine the
validity of the linear functional relationships asscmed for v and tg.

The data used for the development of the SINH and MSE models are
plotted in Figures 9-12 and also in Figures 13-16, In Figures 9-12, the
dashed lines are the SINH-model fits to the data sets, while in Figures
13-16 the dashed lines reprosent the MSE fits to the data. The large

solid squares in Figures 9-12 identify the locations of the inflection
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points caloulated iterntively by PW’s SINH program starting with user
supplied guessoes. It should be noted that the final loocstion of the
inflection point depends upom the user's initial guess. This point is

dincussed in detail in (4).

SINH and MSE Predictions
The readoxr will reocall the procodure doscribed in Section XXX
rogarding the se;rogntioi and casracterization of the changes in te
SINH (or MSE) constants due to shanges in the test parameters R, v, and
tye This procedure consists of grouping ezperimental dats sets in whioch
! the values of ull the test parsmeters are the samy except for onme.
Equations are then doveloped whioh allow for linear intsrpolation

between the model constants obtained for each data set in a group.

After the effeots on the counstants due to changes in ecch of the test
parsmaters are isolated and oharacterized, they are superimposed to form
s single equation for each model somstant. Figures 17-19 illustrate how

this procedure was exeouted for the SINH model, Figure 17 shows the

change in the position of the inflection point due to a change in R,
while Figures 18 and 19 show the changes due to changes in u and ty
respectivoly, In these figures, the solid lines drawn through the
inflection points reprosent the associated linear fits, The dashed
lines are the model fits to each data set. In each of the Figures 17~

19, only one test parameter is varied. Similer lines could be drawn for

\;u
the MSE fits. In fact, they would be the same lines because the samo

B 4

inflection points were chosen for the RINH and MSE curves for eack data

ey

set, even though the shape of the curves is slightly differont.

o

Using the procedures outlined in Section IXII, the following

36

ITI RTT E SETT X

..............
- » AT S S e L T Y

e e e e o e e e e e e
W e e e e e e T T e A L N N e e e e
DURITL A BICAUCIN “he LT AN o ety

o
w'omt e
L L P




L"i

exprossions were derived reprosenting appropriate interpolative models

for tho SINH and the MSE equations:

SINH Intorpolative Model

logida/dN) = Cysinh(Cy(log(4K) + C3) + C4
where
C = .5
Cy = 3,197 - 1.167310g[(1-R)/.9] = .15051lo0gv + .205310¢(tn+1)
Cg3 = -1,721 - .62431o0g[{1-R)/.9] & .00717logv + .0677103(tn+1)
C4 w -3,935 + 1,013110g[(1~R0O/.9) — ,5231logv + .8127loz(tn*1)
and
MSE Intervolative Model
da/aN = oB' (AK/AK,)P[10(4K/8K*) 19010 (4K /4R) 1P
whe:e
Axc = 109.9
AE* = 1011.08918 - .0484610gy + ,036751og(ty+l)]
4‘1 - 10[1.721 + .624310g((1~-R)/.9) - ,00717logy — .067710g(tn+1)]
Q=1,0
and

da/dN, = 100-3.935 + 1.013110g((1-R)/.9)

- .5231logv + .812710g(tg+1)]
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D = - [1/21n(4K /AR ) /1n¢AK, /4K™) ]2 (36)
P = (da/dN,)' - Q/1n(dK,;/8E*) + D/1u(48K,/AK,) (37)
B' = 1n(da/dN;) - Qial1n(4K,/4K*)] - D1n[1n(AK /AK,)]. (38)

(da/dNy)' = 1.7 - 1.8451104[(1-R)/.9]

- «21851cg + ,1956log(ty+l) (39)

Note that Equations 25 and 30 were previously given as Equations 9 and
13 respectively. Also, Equatioms 36, 37, and 38 are the same as 14, 15,
and 16. In the above expressions, Cg las the units of log(Ksi Vvin), Cs
has the units of log(inches/cycle), Cy, C,, (da/dN;)!, @, D, and P are
dimonsionless, AK,, 4K, snd 4k* have the units of Kei VIm,, aand B' has
the units of 1n{inches/cycle). Both the SINH and the MSE Interpolative
Models were programed in standard FORTRAN, and the resulting interactive
computer codes appear in Appendix B and in Appendix C, respectively.
These similar codes caloulate the constants for the corresponding model
at T= 1200 F, when R, V, and ty are given as input. They also give

da/dN values for requestod AK values. They are based on a limited data

sot, and they are given here to show how the models wore applied.

Digcussjion

A few comments are in order comcoerning the SINH and MSE
interpolative models as developed,

In Equations 27, 28, 29, 33, 35, and 39, the .9 divisor in the R-
change terms has been included as an offset used to force the R-chunge

term to vanish when R is at its baseiinc value.
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Figures 13-16 show the initial MSE fits to the four data sets from
which the models were construotod. These fits were obtained by hand
caloulations. However, the initial SINH fite, shown in Figures 9-12,
were obtained with the aid of Pratt and Whitney’s SINK computer program
] which uses &n iterative regression scheme. Even with this aid, a great
. deal of user Judgement is required in order to obtain a good fit. The
initial SINH fits were obtained first, Then, the MSE constants which
control the inflection point were given analogous values found from the
initial SINH fits., With the inflection point identified in the MSE
model, and using a oconstant lower—shaping ocoefficisnt, Q, and assuming
i(‘ that the two asymptotes are correct, the only quantity that cam improve
the initial MSE fits is the constant (da/dN;)'. Recall that this
constant oontrols the slope of the ocurve at the inflection poimt. All
€ of these initial MSE slope constants were computed by hand, by visually
measuring the slopes from dats plots. In order to get the best possible
USE fits, it was necessary to adjust both Q and (da/dN)’
@ simultancously. Using a larger slope at the inflection point requires
the use of & smaller Q, in order to keep the same curvature im the lower
portion of the curve.

4\ The interpolative models wore compared against two proof tests.

The data from these proof tests were not used in the formulation ¢f the

models, and were taken at arbitrary values of the test parameters. The
A results obtained from Proof Test One (R=.5, v=.01 Hxz, ty=50 sec) are
shown in Figure 20, while those from Proof Test Two (R=,25, v=1 Hz,
tg*10 soc) are shown in Figure 21. Let us first examine Proof Test One

¢ (Figure 20), Both the SINH and the MSE modols matched closely ia their

proedictions, with the MSE predicting a steeper slope. SINH appears to
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predict s more correct threshold AK (SINH does not have a true
threshold), but both seemed to predict da/dN values greater by a frctor
of about four than the experimental results., Also, the slope of both
predicted curves seamed to be too stoep.

Consider next the results of the Second Proof Test (Figure 21),
Here, the two predictions matoh esch other olosely except for the
natural differences between the two equations, Also, the threshold
value of 4K was predicted more closely than in the First Proof Test.
The overall scouracy of the prediction was much closer, say, within a
factor of ome to two. This better scouracy may be attributed to the
faot that the values of the test parametexs for these data are oloser to
the baseline values, Also, only two test parumeters were changed from
the baseline values, while all three wore changed in Proof Test One,
The limited ancvurascy of these two prediotive comparisons is not
surprising considerving the variability inherent in fatigue orack-growth
data. ASTHM standard E 647-81 (7) statew that da/dN data may vary by a
faotor of two. Considoring that only two data points were used to
esteblish each linear relationship in a system given to those kind of
variubilities, it is not surprising that the predictions could be in
error by a factor nf four,

Another type of oompnrison was made using the constant AK data
given in the last two pagos of Appendix A, Figures 22 and 23 compare
da/dN for various hold times at AKw32.75 Kei Vin. and AK=22.724 Ksi
Vin., respectively. This datu was taken from a diffezent batch of
specimens, whioh explains the offset of approximately a faotor of two,
Figures 24 and 25 ccwpare da/dN for various frequencies also at AK=32.75

Ksivin, and AC=22.745 Ksi vin, . Figures 22-25 represent an attempt to
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examine tho validity of assuming linear functional relationships (on
log-log plots) relating the test parametuvrs to the SINH and MSE
constants. In these plots only one test paramcter was varied at a time,
with the other test paramcters kept at haseline values. Figures 22 and
23 show da/dN versus hold time (tg) for two differeat dK's. Notice that
the SINH and MSE curves are slightly non—lincar. As mentionsd earlier,
this is because log(ty+l) was assumed aus a functionmal relationship
rather than the log(tg) as was suggested in (3). Assuming this form,
takes care of the mathematical difficulty encountered at ty=0, and seoms
to matoh the form of the esxperimental data better than & siraight linme
would. This is trme at least for IN718. In Figures 25 and 26, du/dN
vorsus frequency (V) is plotted for two difforent AK's. Note that im
both figures the experimontal data shows u definite upward turn at the
lower frequencies. This cannot be modeled by a straight line. However,

considering the amount of variability of the experimental data, a

straight line seems adequate for a wide range of V.
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.
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V. Conclusions and Recommendations

Form of Crack Growth Rate Eguation

This exercise has shown that it makes little differencoe which form
of equation 1o used to meodel fatigue crack growth rate data. Both the
Hyperbolico Sine and the Modified Sigmoidal Equation have sufficient
flexibility to model da/dN data., Both forms give essentially the same
antwers when the same functional forms sre used to relate the test
parameters to the equation constants. The MSE cquation offers a little
more flexibility in that a non—symmetric ourve can be modeled as well as
a symmetrlo curve, Also, the MSE equation has the advantage of
oxhibiting true ssymptotic behavior at the threshold and high orack-
growth-rate regions of the da/dN versus AK curve,

It has been shown that the same functional relationships used in
the SINH model can be applied to the MSE model. Therefore, tle same
iterative rogression techniques employed in Pratt and Whitney’'s SINH
comjuter program could be applied to the MSE model., Thus, the MSE model

could bc automated, making it r more usable tool.

RBelating Constants to Teost Parameters

The method used to relate the SINH or MSE constants to the test
parameters is what makes eithoer one of them &« model and not just an
equation, Certainly, if every possible comvinatiun of test parameters
were. testod, then relationships could be developed to model exactly any
condition of intersst. However, if all possible tests were peiformed,
the model would no longer be needed, The reason for the model is to

reduce the number of tosts necessary to chevacterize the orack growth

R
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behavior of the material in question, Even if all possible tests were
performed, there would still be the possibility of a two hundred percent
srror from test to test performed under the same oconditions., The
question of whether linear (on log-log plotsa) relationships are adequate
to relate the model constants to the test parameters cannot be fully
oxplored with snch « small data set us was used here. However, any
higher order interactions would probably yield changes in da/dN which
sre such smaller than the 200 percent varisbility of the datas.
Therefore, the question is probably moot. If linear (om log-log plots)
relationships are employed to coustruot SINH or MSE models, the models
aro sdoquate for a large ramge of AK, This is true, providing the
region of model use is not too far from the baseline condition. The
reader will recall that it was assumed that chenges Lu da/dN due to
variations in each of the test parameters axe indopendont and can be
linearly superimposed, The model would be more acouzate near the
baseline condition bocause any inscocuracies introduced by this linear
superposition would be minimized when summing small intividual changes.
A larger number of tests, with replication of as many tests as possible
is desirable in ordex to develop any real confidence in models developed
from a particular dats base.

Futuse work should investigate the type of funotionsl relationships
that are appropriate, usimg a much larger data base than tho one
gonerated for this invostigation, Based on the examination of the
results obtainoed from the two proof tests, it would seem that linear
superposition of slopes and infleotion-point coordinutes might not be

valid, On the other hand, with such a small data base, swall errors in
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the linear interpolations for each test parameter would be magnified

when their effeots are superimposed.

for a larger data base.

This again, pointg out the neod




AL I T T R I D A

Appendix A:

Expozimental Dats

Specimen 83264D (Baseline Data Set, BR=.1, ¥ =1 Hz, ty=0 se0)

Ak
12.599000
12,625400
12.678200
12,758300
12,832000
12,885600
12,927500
12,992100
13,064000
13,154000
13.226800
13,305100
18.372400
13,467000
13,582600
13,680400
13."764500
13,852800
13,966500
14.093000
14.225800
14.325900
14.418700
14,526000
14,676100
15.000900
15,159800
15,324800
15.516800
15,734300
15.965300
16.207400
16.470300
16.766000
17.071700
17.407400
18,186200
18,639300
19,184300
19.858400
20.732800
20,774600
21.016600
21,220400
21.457900
21,745400
22.,053800

da/dN
0.61370000E~-06
0.14596000E-03
0.20198000E-05
0.24883000E-05
0.24217000E-05
0,2066 5000E-05
0.23672000E~05
0.,25621000E-05
0.27196000E-05
0.266610008-05
0,29269000E-05
0.30447000E~05
0,30093000E~035
0,33797000E-05
0.32559000E-05
0.34933000E-05
0.32908000E-05
0,36374000E-05
0.37328000E~05
0.3752'71000E-05
0.38424000E-03
0.34922000E-05
0.38277000E~05
0.39996000E~-05
0.44189000E-05
0.48992000B8-05
0.52055000E-08
0.52990000E-05
0.57335000E-05
0.61535000B~03
0,.63996000E~05
0.68929000E-05
0.70933000E-05
0.75638000E~-03
0.79354000E-05
0,85925000E-05
0.96055000E-05
0.10954700E-04
0.12741300E~04
0.15042900E~04
0.18056700E~-04
0.15779500E-04
0.15861000E-04
0.15572400E~04
0.16617300E-04
0.18522000E-04
0.19684600E-04
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AK
22,735200
23.097300
23,469500
23.890700
24,347400
24,855100
25,391000
25,857700
26,373600
26.938600
27.534300
28,200500
28,924700
29.,758100
30,759800
32,003300
32,076300
32.815000
83.522900
34,207900
34.964900
35,816500
36,762700
37.800800
38,973500
40,311900
41,823100
43,530800
45.486000
47.642200

da/dN
0.21055500E-04
0.21737800R-04
0.22763800E-04
0.23882600E-04
0.25173600E-04
0.26543600E-04
0.28223600E-04
0.29463300E-04
0.30638900E-04
0.32263300E-04
0.34285000B-04
0.36271200E-04
0.38646000E--04
0.44244000E-04
0.51129800E~04
0.56401500E-04
0.54173100E~04
0.55940800E~04
0.55535300E~-04
0.536B4900E-04
0.57184900E~04
0,612676008-04
0.65133700E~-04
0.69625800E-04
0.74743900E-04
0.79684900E-04
0.84677000K-04
0.90114000E-04
0.95054900E-04
0.100196708~03
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AK
15.793400
15,.804300
15.826100
15.858000
15.918000
15.976300
16,000800
16.026300
16.060000
16,143700
16.212800
16.272900
16.298300
16,327500
16.365700
16.413900
16.465700
16.513100
16.567600
16.4609500
16.649500
16,701400
16.747800
16,.785100
16,848800
16,877000
17.013400
17,079900
17,121700
17.226300
17.302800
17.403800
17.479300
17.536600
17.600300
17.700400
17.775000
17.830500
17.393200
17.997900
18,107900
18.215300
18.326300
18.390000
18.479200
18.596500
18.715700
18.796700
18.867600
18.921300
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Specimen 832666

da/dN
0,55646000E-05
0,16774000E-04
0.27583000E-04
0,38392400E-04
0.47370000E-04
0.46582600E-04
0.28948800E-04
0.33642100E-04
0.40909000E~04
0.50078600E-04
C.48873900E-04
0.,44527500E-04
0,39444200E-04
0,398€2100E~04
0.38914500E-04
0,41507800E~04
0.48637700E~04
0.51602300E-04
0.40893600E~04
0.,40783400E~C4
0.47822700E-04
0,45873900E-04
0.39123200E-04
0,430314008-04
0.46992000E~04
0.50397500E-04
0,341219008-04
0.53224300E~04
0.%53765540E-03
0.559054001-04
0.65523500R-04
0.70507700E-04
0,62114000E-04
0.56098300E-04
0.52549000E-04
0.53602200E-04
0.53066800E~04
0.60335300B-04
0.72212500E8-04
0,81842400B~04
0.82322'700B-04
0.79275400E-04
0.80759700E-04
0.80094300E-04
0.81177000E-04
0.83456500E~04
0.80614000E-04
0.82696700E-04
0.83161300E~04
0.84527400E-04

Myt
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Ax
19.133300
19.239800
19,414400
19.488100
19.580900
19.68740C
19.817500
19,948500
20.056800
20,165000
20.268700
20.375200
20.518900
20.669100
20,830100
20.981100
21,121200
21.265900
21,436000
21.602500
21.777200
21.950100
22.153000
22.364900
22.602400
22,819900
23.161000
23,205700
23.424900
23,608700
23,818800
24,049900
24.266500
24,48%400
24.672200
24.884200
25.107800
25,345500
25.603900
25.874100
26,164300
26.481800
26.795700
27.127800
27.470800
27.818400
28,629900
29,099400
29.584300
30.091100
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(R=m,1, V=, 01 Hz, tg=0 sec)

da/dN
0.10171240E-03
0.99380000E-04
0.87531300E-04
0.898817C0E-04
0.10008640E-03
0,10799580E~03
0.11166120E~-03
0,11499980H-03
0.10773600E~03
0.10433440E-03
0.10581470E~03
0.11861790E-03
0.12694860E~03
0.13047000E~03
0.13185010E~03
0.13275560E~03
0,13344070E-03
0.13142490E-03
0.137464380E-03
0.14221800E-03
0.14862180E~03
0.15641310E-03
0.15969000E-03
0.17043270E-03
0.16697210E-03
0,16228000E-03
0.15706270E-03
0.1.6149970E-03
0.17466890E-03
0.20541300E-03
0.21221220E-03
0.22533030B-03
0.21643260E-03
0.21513340E-03
0.21090510E-03
0.21170040E-03
0.22623940E-03
0.23283420E-03
0.24760190E~03
0.260154808-03
0.26456250B-03
0,27666480E-03
0.27952700E-03
0.28825930E-03
0.29139310E-03
0.30559780E-03
0.33940880E--03
0.34902690ER-03
0.360353601-03
0.,37663310E-03
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4K
26.770200
23.921400
23.688700
23.078200
22.503200
21.9%7400
21.257700
21,255%00
20.763700
20.418000
19.954900
19,455400
19.004100
18.708400
18.616500
18,188¢00
17.590300
17.743100
17.661200
17.430100
17.173600
16.975200
16.431200
16.579500
16.302900
16.168200
15.782500
15.879800
15.754300
15,542300
15.396700
15,211100
15.101000
15,153800
14.946400
15,001900
14.728000
14,842600
15.145600
14.879900
13,872800
13.823700
13,657200
13.174000
13,073100
12,982100
12.846500
12.554500
12,684600
12.543600

Specimen 83270B

da/dN
0.335'75100E~04
0.28068100E-04
0,27067300E-04
0.,25862200E~04
0.25311400E-04
0.2412240NE-04
0.24105100E-01
0.2348C700E-04
0.22759600E-04
0.21503500E~04
0.19712600E-04
0,18627100E-04
0.17825600E-04
0.16949600E-04
0.15456760E-04
0.14153100E~04
€.15377500B-04
0.13075600E-04
0,12305190E~04
0.13105500E-04
0.13352400E-04
0,12725900E-04
0.12188600E-04
0,11153500E-04
0,10068900E~04
0.936690008-05
0.92354000E-05
0.92480000E-05
0.87858000E-05
0.89842000E-05
0.80098000E-05
0.66224000E-08
0.57909000E-05
0.49209000E-03
0.49953000E-05
0.538940C0E~05
0.45468000E-05
4.82976000B-03
0.10003500E-04
0.88311000E-05
0.78366000E-05
0.67594000E-05
0.34952000E-05
0.49055000E-05
0.471420008-05
0.45890000E-05
0.49453000E-05
0.50342000E-05
0.48464000E--05
0.485630000~05

56

4K
12,079300
12.210600

(R“.5.V"1 Hz' tn-o 300)

da/dN
0.51524000E-05
0.54268000E-05
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AKX
14,753500
14,790800
14.809900
14,835400
14.843600
14.882700
14.917200
14,959100
14,991800
15.037300
15,052800
15,090100
15,109200
15,152900
15,216600
15.263900
15,315700
15.339400
15.358500
15.382200
15,390300
15.407600
15.457700
15.517700
15.581400
15.643300
15,666900
15.704200
15.734300
15.786100
15.834300
15,883500
15,912600
15,954400
15.993500
16.024500
16.029900
16.067200
16,131800
16.215500
16.279200
16.315600
16.370200
16.398400
16.,457600
16,516700
16.558500
16.579500
16.626800
16.668600

Specimen 83270

da/dN
0.31376710E-03
0.259617608-03
0,22712950B~03
0.,17298000E-03
0.29995220E-03
0.30562930E-03
0.21157040E-03
0.25876720E-03
0.31683790E-03
0.27470810E~03
0.17008120E-03
0.17757440E-03
0.25813200E-03
0.27185380E-03
0.31475920E-03
0.34575130E-03
0.29609390E-03
0.17795240E~03
0.19896810E-03
0.12462180E-03
0.21940900B-03
0.25294040E~03
0.35510560E-03
0.40681020E-03
0.36412920E-03
0.37520000E-08
0.28497970E~-03
0.286621508~03
0.31705450E-03
0.30724350E-03
0.34959380E~-03
0,28182230E--03
0.30527100E-03
0.27892860E-03
0.19253110E-03
0.18644060E-03
0.18772000E-03
0.29848760E-03
0.40602280E-03
0.44047160E~03
0.38465670E~03
0.38350320E-03
0.34325130E-03
0.33034190E~-03
0.34993240E-03
0,33201510K-03
0.30278290E-03
0,29382620E-03
0.36095600E-03
0.37718030E~-03

57

AK
16.811500
16.866100
16,907900
16,931600
16.,973400
17.027100
17.,099000
17.168100
17.228200
17.321900
17.392800
17.456500
17.506600
17.566600
17.622100
17,672100
17.729500
17,768600
17.890500
17.984200
18,071600
18,131600
18.173500
18.,215300
18.247100
18,3343500
18.420900
18,504600
18,583800
18.649300
18,792100
18.870400
18,938600
19.,030500
19,119700
19,227000
19.327100
19.410800
19,470800
19.547300
19.630100
19.722900
19,819300
19.936700
20,041300
20,151400
20,.251500
20.353400
20,453400
20.569900

(R=.1,V =1 Hz, tg=50 sec)

da/dN
0.41039290E~03
0.35951500E~03
0.28622780E~03
0.,32201120E-03
0,.343507810E-03
0.413227508-03
0.42204640E-03
0.42090470E~-03
0.42271570E-03
0.43492040E-03
0,38186540E~03
0.404526808-03
0.42354250B-03
0.38299530E-03
0.36844810E-03
0,32557810E~03
0,38605040E-03
0.35463710E~03
0.51704620E-03
0.47909350E~03
0.45873920E-03
0.38506620E~03
0.37372370E-03
0.32190490E-03
0.40873930E-03
0.50743990E-03
0.51023520E~-03
0.51822730E-03
0.435Y8550E-03
0.50759740E-03
0,48326680E-03
0.49897540E~03
0.55271540E-03
0.59952640E-03
0.56747920E-03
0.589487008-03
0.57779410E~03
0.51618010E-03
0.48027460E-03
0.50232180E-03
0.55598310E-03
0.58472320E--03
0.63842390E~03
0.64791210E-03
0.64499870E-03
0.64145540E~03
0,62602240E-03
0.63366020E~03
0.63283340E-03
0.66936870E-03




‘M

AK
21,037500
21,167600
21.294100
21.429700
21,375200
21,710800
21.849100
21.980120
22.1.4800
22,254900
22,398600
22.563300
22,738000
22,905400
23,090100
23.264800
23,428500
23,611400
23,800600
24,000800
24.478400
24,737700
24,996100
25.470100
25.713100
25.979600
26,267100
26.572800
26.889400
27.246100
27.622700
28,.024900
28.445200
28.896500
29,352300
29.856300
30.378600
30.899000
31.455800
32.045000
32,714000
33.479200
34,277100

Specimen 83270

da/dN
0.72157340E-03
0.72889620E~03
0.75157330E-03
0.76110080E-03
0.78145510E-03
0.75358120E-03
0.73637650E~03
0.76129770E~03
0.75007720E-03
0.77858110E-03
0.82381720E-03
0.86696680E~03
0,.88318720E-03
0.88822660E~03
0.90176980E-03
0.88283290E-038
0.89783290E~03
0.924840'70E-03
0.97708470E-03
0.1037281418~02
0.11515331K-02
0.11334100B-02
0.11277112E~-02
0.11022813E~02
0.11258639E~02
0.11760606E--02
0,125417078~02
0.13001549E-02
0.13695642E-02
0.14414932E8~02
0.15011781E-02
0.15573197E-02
0.16019653E-02
0.16462172E~-02
0.16892486E-02
0.17250753E~-02
0.17315713E-02
0.17843271E~02
0.18458625E-02
0.19523583E~02
0.20412558E~02
0.21142871E-02
0,21683028E~02

(R=.1, V=1 Hz, tp=50 seoc)
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<
Specimen 83288 (First Procf Test, R=.5,V=,01 Hz, tg=50 sec)
v AK da/dN 4K da/dR
10,0516 3.88838E-06 10.9195 2.27606E~04
10,0534 8.144478-05 10.9796 0005924
10.0598 .000159 11,056 5.94763E-04
10,0943 8.46061E-05 11.1261 5.05235E-04
10,0989 1.5274E-04 11.177 4,52716E-04
v 10.0534 1.63189E-04 11,1688 4.14527E-04
10.0852 3.11681E~04 11,2325 3.71373E-04
10.1262 1.863891-04 11.2598 2,13909E-04
10,1153 7.42676E-05 11,2826 3.73346E-04
10,1048 4.34054X%~04 11.3108 4 .80944E-04
10,1307 1.15413E~04 11,3481 4,66968E-04
® 10.1371 3.27425E-C4 11.382¢6 5.281498-04
10,1662 5.,58739E~04 11,4927 5.9055E-04
10,2153 5.91968KE--04 11,5528 4,38188E-04
10.2408 1.0937E-04 11,4555 2.78582E04
10,2363 2.83673E~04 11.5691 2,13885E-04
10.2133 7.32676E~08 11,5746 3,71094C-04
O 10.2344 2.80799E~04 11,6019 5,3055E~04
10.2736 1.1646E-04 11.6947 7.23306E~04
10.2927 2.305678~04 11,7802 7.18542E-04
10,255 4,02283E~04 11,8588 6.11889F~-04
10.2572 3.53208E-04 11,9149 6,152748~04
: 10,2863 5.93503E~-04 11,9558 3.73574E~04
{c’ 10,3491 8.74172E~05 11,9813 3.12035E~04
; 10,3591 3.64913F~04 12,0104 3.5661E~04
10,3727 3.71133E~04 12.0386 4,2992E8~04
10,3318 1.97468E~04 12,0795 5.44605E~04
10,3682 3.42086E~04 12,1423 4,.74723E~04
10,4155 2.48755E~04 12,2197 5.27834E-04
‘ 10.4701 3.74212E~04 12.2542 5.58188E~04
© 10,3764 2,865941~04 12,2897 6.85471E~04
4 10,41 6.24763E-04 12,3752 5.64802E~-04
10,4665 5.95589E~-04 12,4353 6.10u38E-04
10,5292 5.27873E-04 12,5217 7.08975E~04
10.4914 2,.01511E-04 12,5818 6.88857E~04
‘ 10,5001 4,22086E-05 12,6473 4.0681E-04 ST
- 10,4892 1.54141E-04 12,0591 5§.29369E~04 )
10.5292 3.11598E~04 12,7464 7.29684E-04 o
10,5793 4,82007E-04 12,7992 7.36888E~04
10,5975 3.01027E-04 12,9011 6.39841E~-04
10,6639 4,27401E-04 12,9748 6,601178-04
10,6857 3.39507R-04 13.0794 6.09093E-04
e 10,7039 2.74098E~04 13,0776 4.23306E-04 .'
10,7394 2.14059E-04 13,1095 5.84200-04 ¥
10,7339 3.12889E-04 13.1932 4,668R9E-04 :
10,7703 4,77991E-04 13,265 §.44959E-04
10,8158 5.98424E-04 13,3151 6.69684E-04
10.9004 4,31023E-04 13.4106 7.14408E-04
¢ 16.9578 3.00059E-04 13.4725 5.82164E-04

10.979¢ 1.96527E-04 13,518 7.58818E-04 !447




Specimen 83288 (First Proof Test, B=.,5,% =.01 Hz, tg=50 s60)

4K da/dN 4K da/dN
13.7181 6.11062E-04 25,0107 2,60377E-08
13,7854 5.43188E~04 25.4492 .0027083
13,8546 5.4681E-04 25,9128 2.85177E-03
13.8928 6.00904E-04 26,4582 3.10984E-03
13,9237 6.6807E~-04 27,1114 3.2962.E-03
14,0593 8.9T7085E-04 27.8338 3,23137E-03
14.1612 9.20471E~-04 28.4989 3.10948E~03
14,2913 1,03264E-03 29.1712 3,14496E-03
14,4278 9,42833E-04 29.8345 3,12881E-03
14,5288 7.67951E-04 30,5214 3.19814E-03
14,6061 7.06967E-04 81,3302 3.,44704E-03
14,688 7.69526E-04 32,2731 3.86003E-03
14,7626 7.60983E-04 33,3518 4.,12716E-03
14,8599 7.72636E~04 34,5646 4,44645E-03
14,9837 8.52518E-04 36,0212 4,76298E~03
15,101 8.38896E-04 37.6252 5.17834E-03
15,1838 8,8492E-04 39.5422 5.,49645E-03
15.2839 9.45982E-04
15,4222 1,01846E~03
15,5841 1,04437E-04
15,318 9,94329E-04
15.8671 9.37715E~04
15.9672 7.90628E-04
16,0518 8.89408E-04
16,1755 1,02583E~03
16,5402 1,13244.1.-03
16,5203 1.23267E-03
16.7132 1,29996E-03
16,9134 1,41551E-08
17.1172 1,33114E-03
17,3373 .0013359
17,563 1.,30027E-03
17,7568 1.24279E~03
17,9487 1,15331E-03
18.n943 1,232918-03
18.329 1,32106E-03
18,561 1.38665E-03
18.8067 1.56035E-03
15.0978 1,68019E-03
19.4381 1,76267E-03
19,7583 1,75098E-03
20,1468 1,83937E-03
20,5171 1,76511E~-03
20.8383 1.74874E-03
21,2104 1.80582E-03
21.6171 1.86945E-03
22.0338 1,97078E-03
22,5023 2.14645E-08
23.0591 2.28842E-03
23.645 2.34996E-03
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Specimen 83289

AK
9.5666522
9.6330684
9.6785589
9.7040335
9.6794687
9.6794687
9.67855.9
9.6894766
9.6894766
9.6549354
2.6931158
9.6894766
9.7049433
9.7122218
9.7140414
9.7276886
9.7331475
9.7386063
9.7595319
9.7477044
9.750433¢8
9.7568025
9.7622614
9.7777281
9.7731791
9.7786380
9.7868262
9.7813674 -
9.7850066
9.7950145
9.7968342
9.7950145
9.7977440
9.8050224
9.8095715
9.7804576
9.7813674
9.7804576
9.7968342
9.8050224
9.8195794
9.8032028
9.8032028
9.8268579
9.8496031
9.8514228
11.060560
11,062380
11.096953
11,140624

{Second Proof Test, R=,25, Vv =1 Hz, tg=10 seo)

da/dN
0.16375164E-03
0.12005881E-03
0,76362050E-04
0.32670406E-04
0.28036164E-05
0.29657420E-05
0,38258190E-05
2.58436889E-05
0.839447125-05
0.52149501E-05
0,.83649437E-06
0.16207054E-04
0.99232082E-05
0.14924773E~-04
0.16815320E-04
0.19088938E-04
0.18692482E-04
0.11"40133E-04
0,15075166E-04
0.37350712E-05
0.87334469E-05
0,95180909E-05
0.19933818E-04
0.93503747E-05
0.17951145E-05
0.84440774E-05
0.14115719E-04
0,19131457E-05
0,24303100E-05
0,12645250E-04
0.43988100E-05
0.61940819E-05
0.60645546E-05
0.71054974E~-Q5
0.52429028E~-05
0.61763654E-Q5
0.14226349E-04
0.11822023E-04
0.15748787E-04
0.24609793E-04
0.17125005E-04
V.77669134E-05
0.58507674E-05
0.20279486E-04
0.20324368E-04
0.507535803E-05
0.21803105E-04
0.80696687E-04
0.88901395E~-04
0.68696711E-04

61

AK
11,550948
11.574603
11,610995
11.662854
11,716533
11.753835
11,785679
11.814793
11,849366
11,893946
11,940347
11.963092
11,993116
12,009492
12,028598
12.067720
12,103203
12.146873
12,209650
12,254231
12,296082
12,325196
12,342483
9.5757503
12.704587
12.752807
12.797388
12.842878
12.909294
12,958424
13.015742
13.075789
13.,114911
13,156763
13,217720
13.276857
13,342364
13.406050
13,459729
13.513408
13.560718
13,613487
15.667166
13.722664
14,012894
14.069302
13.725394
13.774524
13.931011
14,081129

da/dN
0.49716435E-04
0.64177035E-04
0.66799077E~04
0.77932913E-04
0.77503780E-04
0.67680965F-04
0.65306954E-04
0.58871833E-04
0.69960488E-04
0.66799077E-04
0.55724296E~04
0.56110122E~04
0,.43354243E-04
0.47873919E-04
0.49775490E-04
0,60389641E~04
0.80110074E~-04
0.77850236E-04
0,.83751799E-04
0.70212456E~04
0.64133728E-04
0.61417198E~-04
0.57574686E-04
0,77125828E-04
0.84940773E-04
0.77669134E-04
0.85090379E~04
0.91799027E-04
0.91113989E-04
0.87724232E-04
0.91657295E-04
0.86554943E-04
0.79763618E-04
0.86110062E-04
0.97936809E-04
0.96413190E-04
0,.95125791E-04
0.97696652E-04
0.91995877E-04
0.82110070E~-04
0.83984082E-04
0.87476201E-04
0.94062801E-04
0.98456493E-04
0.81507709E-04
0.39936927E-04
0.55417210E-03
0.28384588E-03
0,25520814E--03
0.22632631E-03
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Spocimen 83289

ax
14,359531
14,449603
14.510560
14,570607
14.647031
14.742561
14.842640
14,925433
15.01277%
15.092838
15,184729
15,286628
15,382158
15,484966
14.448693
14.414120
14.463250
14,556960
14,637023
14,723455
14,821715
14,901778
14.978202
15,071913
15,14333%
15.240227
15,344856
15.448574
15.556841
15,666019
15.764278
15,.867087
15,973534
16.088170
16.200077
16.322901
16.452094
16.534887
16.624048
16.729586
146.796003
16.858779
16,9197317
16.978874
17.034373
17.111707
17.182672
17.253637
17.321873
17.381010

(Second Proof Test, B=,25,V =1 Hz, tg=i0 s69)

da/dN
0.16236975E-03
9.13773988E~-03
0.11799976E~-03
0.111704508-03
0.121444G4E-03
0.12218871E-03
0.13134225E-03
0.12788950E-V3
0,12346432E-03
0.125291082--03
0,.12902336E-03
6.13247611E-03
0.13970050KE-03
0.142704448-03
0.22709403E~-04
0.26082231E-04
0.86078566E-04
0,11127930E-03
0,12012574E~03
0.12584620E-03
0.12479502EF~03
0.119665111-03
0.11915330E-03
0.12270841E-03
0.12481864E-03
0.13082257E-03
0.13948791F-03
0.13904303E-03
0.13973200E-C3
0.140172%4E-03
0.13651941E~03
0.13977924E-03
0.14208239E-03
0.14489341E-03
0.15164930E-03
0.16039338E-04
0,16968863E~03
0.17641697E-03
0.19575945E-03
0.18638151E-03
0.17344453E-03
0.17692090E-03
0.17616893E-03
0.17162170E-03
0.17344059E-03
0.19096418E-03
0.,19263740E-03
0.17751145E-03
0.17065320E-03
0.17190359E-03
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AK
17.503835
17.564792
17.627569
17.7030903
17.783146
17.877767
17.962379
18.033%44
18,105219
18,186192
18.278993
18.371793
18.460045
18,54920u6
18.646556
18,731168
18,.82578¢
18,914040
19,022308
19,137853
19,237933
19,328922
19.439001
19,536350
19.653716
19,771081
19.872070
19.986706
20,096793
20.216888
20.345171
20.468906
20,587181
20,717284
20,.841928
20,.990227
21,150353
21.,317758
21.477885
21.643470
21.800867
21,961904
22,141136
22,325828
22,.511429
22,710677
22.917204
23.112813
23.302964
23.,481286

Ag/dN
0.1621682GE-03
0,164397305-03
0.19224764E-03
0,201944452-03
0.20551927E-03
0.20424368E—-03
0.20477518K-03
0.20538147E~03
0.19379095E-03
0.20825548E-03
0.21360587E-03
0,22461372E-03
0.22006255E~03
0.21486571E~03
0.21633814E-03
0.21813342F--03
0.22385781E-03
0.232361738~-03
0.25813731E-03
0,23318850E-03
0.23875541E-03
0.22896410E~03
0.23054284E-03
0.23260189E~03
0.24056250E-03
0.24128298E~03
0.23469244E-03
0.242928645-03
0.,24705462E~03
0.24826721E-02
0.25256642E-03
0.252995558-03
0.25893648E-03
0.26015695E-03
0.27507425E~03
0.29486948E-03
0.30531040E-03
0.30379860E-03
0.30285765E-03
0.30936551E-03
0.29999152E-03
0.31017260E-03
0.31699148E-03
0.32900327E-03
0.33371586E~03
0.33447176E-03
0.33157019E-03
0.31678676E~03
0.31501511E-03
0.31123559E-03
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Specimen 83289

AK
23.876144
24,095408
24.334688
24,585796
24.,862378
25,152807
25.457394
25.743074
26.048770
26.,370843
26.1702924
27.052291
27.405297
27.748295
28.108580
28.501618
28.916491
28.377165
29.881800
30.391293
30.90%975
31.433936
32,015304
32.670368
33.386388
34.1206G5
34.822978
35.481680
36.189513
37.021079
38.016411
39.176419
40.430137
41,779385
43,244179
44.847265
46,812454

(Second Proof Test, B=,25, V=1 Hz, ty=10 sec)

da/dN
0.33266468E-03
0.3542'7881E~03
0.375656'72E~03
0.59255432E-03
C.40855036E-03
0.41334562E~03
0.41677TA81E-03
0.420944G3E~-03
0.426377098~03
0.42716449K--03
0,43712510E-03
0.439211718~03
C.43925108E~03
0,45736132E~03
0.45495971E~-05
2.,47499904E-03
0.49358168E~03
0.5196446282-03
0.52881783E~(3
0.53618002E—-03
0.53964458E-03
0.%6436893E-03
0.58826652K~03

-0,60369956K-03

0,61684914E-03
0.60216413E~03
0.59188856E-03
0.58995943E-03
0.62716408E-03
0.68621908E-03
0.741061498-03
0.79708500E~03
0,.83464398E-03
0.86613998BE—03
0.88704543E-03
0.91527374E-03
0.84704553E-03
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NOTE: All of above data (832640, 83266G, 83270B, 83270, 83288, and

83289) is in Enpglish Units.

da/dN = inches/cycls.

AK = Ksi Vinoches,
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Constant 4K
IN 718 da/dN Data, Varisble Freguoncy

S A B

(T=1200F, R=0,1, No Hold Time)
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® Constant AL
IN 718 daa/dN Data, Variable Hold Time

(T=i200F, B=0.1,V w1Hz) S
. AK=22.745 Ksi VIE Ky, ~25.3 Lsi VIT ' :
0.0 1.65 E-5
10.0 7.48 E-§
50.0 2,80 E-4
200.0 1.02 E-3
500.0 2,80 E-3
¢ AK=32,75 Ksi Vin K, ax~36.4 Ksi Via
Hold Tigo (s) da/dN (in/oycle)
0.0 3.78 E-5
1.0 5.08 B-5
o 4.0 8.86 E-5
10.0 1.93 E-4
30.0 4.76 E-4
50.0 7.18 E-4
100.0 1.10 E-3
200.0 2.14 B-3
© 300.0 3.94 E-3
500.0 6.65 E-3
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Appendix B: FORTRAN Code For SINH Interpolative Model

PROGRAM SINHT18

THIS PROGRAM GENERATES THE CONSTANTS FOR THE HYPERBOLIC
SINE EQUATION AND COMPUTES CRACK GROWIH BATES FOR
DESIRED STRESS INTENSITY RANGES, THE MODEL IS ISOTHERMAL
(1200F), AND IS SPECIFIC TO INCONEL 718, REQUIRED INPUTS
ARE STRESS RATIO, FREQUENCY (HZ), AND HOLD TIME (SEC).

READ INPUT

PRINT *, ' INPUT STRESS RATIO:'
READ «,R

PRINT *, ' INPUT FREQUENCY (HZ):'
READ *,FREQ

PRINT *, 'INPUT HOLD TIME (SEC):’
READ *,THOLD

SINH CONSTANT C1

Cil=,5

SINH CONSTANT C2

C2=3.197-1,1675%AL0G10((1.-R)/.9)~,1505%AL0G10 (FREQ)
+,2053%AL0G10 (THOLD+1,) .

SINH CONSTANT C3

C3m~1,721-,6243%ALOG10((1,.-R)/.9)+,00717*ALOG10 ( FREQ)
+.,0677*ALOG10 (THOLD+1,))

SINH CONSTANT C4

C4=-3,935+1.0131%ALOG10((1.-R)/.9)~-,523*AL0G10 (FREQ)
+,8127%ALOG10 (THOLD+1,))

OUTPUT
PRINT 20,C1,C2,C3,C4

FORI(AT(//?.X,'CI-'.FIO 4,/2X,'C2=',F10.4,/2X, 'C3="' ,F10.4,
/12X, 'C4=',F10.4)

PRINT *,' R FREQ THOLD’

PRINT SO.R.FREQ.THOLD

FORMAT(2X,3F10,.4,//)

PRINT *, 'DESIRE DA/DN VALUES? 1 FOR YES, 0 FOR NO’
READ *, IFLAG

IF(IFLAG.EQ.0) GOTO 50 A
PRINT *,'INPUT DESIRED DELTA K (KSI ROOT IN)'
READ ¢,DK
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DADN=10%#(C1*SINH(C2*(AL0G10 (DK)+C3) ) +C4)
PRINT 42,DADN,DK

42 FORMAT(2X, ' CRACK GROWTH RATE IN IN/CYCLE IS:'
. B12.5,3X,'FOR DKk=’,K6.2,/)
PRINT ¢, ’'ANOTHER DA/DN VALUE? 1 FOR YES, 0 FOR NO’
READ *,JFLAG
IF(JFLAG.EQ.1) GOTO 40
® 50 PRINT *,'CHANGE TEST PARAKETERS? 1 FOR YES, 0 FCR NO’
READ *,KFLAG
IF(KFLAG.EQ.1} GOT0 10
STOP
END
® fp“
o
N
L
« g
|
i
@
|
®
I
&
‘.
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Appendix C: FORTRAN Code For MSE Interpolative Model

PROGRAN MSE718

THIS PROGRAM GENERATES THE CONSTANTS FOR THE MODIFIED
SIGMOIDAL EQUATION, AND COMPUTES CRACK GROWTH RATES

FOR DESIRED STRESS INTENSITY RANGES, THE MODEL IS ISCTHERMAL
(1200F), AND IS SPECIFIC TO INCONEL 718. REQUIRED INPUTS ARE
STRESS RATIO, FREQUENCY (HZ), AND HOLD TIME (SEC).

READ INPUT

aaaaaococaoan

° 10 PRINT #, ' INPUT STRESS RATIO: '
READ *,R
PRINT #, ' INPUT FREQUENCY (HZ):'
READ #,FREQ
PRINT #, ' INPUT HOLD TIME (SEC):'
READ *,THOLD

\
¢ UPPER ASYNTOTE (ASSUMED CONSTANT)

DKC=109.9
LOWER ASYMIOTE

aan aaa

DESTAR=10%%(1,07918~,048646*AL0G10 (FREQ)
. +.05675%AL0G10 (THOLD+1.))

VERTICAL LOCATION OF INFLECTION POINT

anan

DADNI=10.0%% (-3.935+1.0131%ALOG10( (1.~R)/.9)~.523*AL0OG10 (FREQ)
© *  +,8127%ALOGLO(THOLD+1.,))

HORIZONTAL LOCATION OF INFLECTION POINT

aan

DKI=10.0%%(1,721+.6243%*AL0G10((1.-R)/.9)~.0071.7%ALOG10 (FREQ)

@ . -,0677%ALOG10('THOLD+1.))

SLOPE OF INFLECTION. POINT

s NeNe]

DADNIP=1,7-1,8451¢ALOG10((2.~-R)/.9)~.2185%AL0G10 (FREQ)
. +,1956%AL0G10(THOLD+1,)

¢ c LOVER SHAPING COEFFICIENT (ASSUMED CONSTANT)

a
LI ’_‘,’_, .-'_~":"
S SR ACTI)

Q=1.0
C UPPER SHAPING COEFFICIENT

C D~ (SGRT (Q) *ALOG (DKI/DKC) /ALOG(DKI/DKSTAR) ) #%2
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10

30

40

42

50

OTHER COQEFFICIENTS B' AMD P

CONST=ALOG(DKI/DKSTAR)

CONST1=AL0G(DKC/DKI)

BPRIME~ALOG (DADNI)-Q*ALOG(CONST) ~D*ALOG ( CONSY'1)
Pu«DADNIP--Q/CONST+D/CONST1

QUYPUT

PRINT 20,BPRIME,P,Q,D,DXSTAR,DKC,DADNI ,DADNIP
FORMAT(//2X,'B'*'=*,Fi0.4,/2X,'P=',F10.4,/2X, 'Q=' ,F10.4,
/2X,'D=’,F10.4,/2X, 'DELTA K*=',F10,.4,/2X, 'DELTA KC=',
F10.4,/2X, 'DA/DNI=',E15.5,/2X, 'DA/DNL’ ‘=’ ,F10,4,//)
FRINT »,’ R FREQ THOLD*

PRINT 30,R,¥REQ, THOLD

FORMAT(2X,3F10.4,//)

PRINT #, 'DESIRE DA/DN VALUES: 1 FOR YES, 0 FOR NO'
READ *,IFLAG

XK (IFLAG.EQ.0) GOTO 30

PRINT *,'INPUT DESIRED DELZA K (KSI ROOT IN)'’

READ *,DK

DADN=EXP(BPRIME) *( (DK/DKX) #%P) & (ALOG(DK/DESTAR) $4Q)
“(ALOG{DEC/DK) ¢*D)

PRINT 42,DADN,DK

FORMAT(2X, 'CRACK GROWTE RATE IN IN/CYCLE IS:',
E12.5,3X, 'FOR DK=',F6,2,/)

PRINT *,’ANCTHER DA/DN VALUE? 1 FOR YES, 0 FOR NoO'
READ *,JFLAG

IF(JFLAG.EG.1) GOTO 40

FRINT *,'CHANGE TEST PARAMETERS? 1 FOR YHS, 0 FOR NO'
READ ¢,KFLAG

IF (KFLAG.EQ.1) GOTO 10

S0P

END
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